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ABSTRACT
Surveys of nearby ﬁeld stars indicate that stellar binaries are common, yet little is known about the effects that
these companions may have on planet formation and evolution. The Friends of Hot Jupiters project uses three
complementary techniques to search for stellar companions to known planet-hosting stars: radial velocity
monitoring, adaptive optics imaging, and near-infrared spectroscopy. In this paper, we examine high-resolution K
band infrared spectra of ﬁfty stars hosting gas giant planets on short-period orbits. We use spectral ﬁtting to search
for blended lines due to the presence of cool stellar companions in the spectra of our target stars, where we are
sensitive to companions with temperatures between 3500 and 5000 K and projected separations less than 100 AU
in most systems. We identify eight systems with candidate low-mass companions, including one companion that
was independently detected in our AO imaging survey. For systems with radial velocity accelerations, a
spectroscopic non-detection rules out scenarios involving a stellar companion in a high inclination orbit. We use
these data to place an upper limit on the stellar binary fraction at small projected separations, and show that the
observed population of candidate companions is consistent with that of ﬁeld stars and also with the population of
wide-separation companions detected in our previous AO survey. We ﬁnd no evidence that spectroscopic stellar
companions are preferentially located in systems with short-period gas giant planets on eccentric and/or
misaligned orbits.
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1. INTRODUCTION
Approximately 1% of nearby Sun-like stars host short-period
gas giant planets, known as “hot Jupiters” (Wright et al. 2012).
Standard models of planet formation suggest that hot Jupiters
are unlikely to have formed in situ, but must have formed
beyond the ice line and migrated inward (Lin et al. 1996;
Pollack et al. 1996). In this scenario, proposed migration
models include both planet-disk (type II) interactions (Gold-
reich & Tremaine 1980; Kley & Nelson 2012) and dynamical
models including Kozai migration (Fabrycky & Tremaine
2007; Malmberg et al. 2007; Naoz et al. 2011), planet–planet
scattering (Nagasawa et al. 2008; Beaugé & Nesvorný 2012),
and secular chaos (Wu & Lithwick 2010). While disk-driven
migration is controlled primarily by local interactions,
dynamical migration processes can be strongly affected by
the presence of distant massive companions. In particular, the
simplest variant of Kozai migration requires a perturbing star
(Wu & Murray 2003), while planet–planet scattering can in
principle be triggered by external perturbations (Batygin et al.
2011). By studying the present-day properties of hot Jupiter
systems, we can distinguish between competing formation and
migration channels.
We generally expect that in isolation disk migration should
produce hot Jupiters on circular and well-aligned orbits, while
dynamical migration simulations frequently result in planets
with orbits that are eccentric and/or misaligned with respect to
the star’s spin axis. Surveys of hot Jupiter spin–orbit
alignments indicate that approximately half of all hot Jupiter
systems are misaligned (Triaud et al. 2010; Winn et al. 2010;
Albrecht et al. 2012), suggesting that three-body dynamics
may play an important role in these systems. On the other hand,
the apparent paucity of high eccentricity gas giant planets
at intermediate orbital periods suggests that less than half
of all hot Jupiters could have migrated via the star-planet
Kozai–Lidov mechanism (Dawson & Murray-Clay 2013).
Alternatively, the presence of a stellar companion can also tilt
the protoplanetary disk with respect to the stellar rotation axis,
causing spin–orbit misalignments before planets have even
formed (Batygin 2012; Spalding & Batygin 2014). Regardless
of whether it is the disk or the planet orbit being tilted, both
scenarios require the presence of a massive outer companion on
a non-coplanar orbit (albeit in different epochs) in order to
explain the present-day spin–orbit misalignments observed in a
signiﬁcant fraction of hot Jupiter systems.
Although a majority of the extrasolar planets detected to date
appear to orbit single stars, this is somewhat surprising, as
surveys of ﬁeld stars indicate that approximately half of all
Sun-like stars in the solar neighborhood are found in binaries
(Duquennoy & Mayor 1991; Raghavan et al. 2010). It is
unclear exactly what role a binary companion might play in the
process of planet formation and migration. It has been
suggested that wide separation binaries may warp or even
truncate the outer edges of the protoplanetary disk and reduce
average disk lifetimes (e.g., Terquem & Bertout 1993; Pichardo
et al. 2005; Kraus et al. 2012; Cheetham et al. 2015).
Dynamical interactions with a distant companion may increase
turbulent velocities in the protoplanetary disk, thereby
preventing materials from condensing (Mayer et al. 2005).
By searching for stellar companions to known planetary
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systems we can constrain their potential effects on these
planetary systems, albeit with the caveat that close encounters
between stars forming in crowded cluster environments may
have similar effects (e.g., Bonnell et al. 2001; Spurzem
et al. 2009; Hao et al. 2013; Zheng et al. 2015).
Previous surveys have identiﬁed a number of stellar
companions in known planetary systems (Eggenberger
et al. 2007; Raghavan et al. 2010; Wang et al. 2014), but
only a handful are close binaries with hot Jupiters orbiting the
primary star. The Kepler mission has detected approximately a
dozen circumbinary planets to date (e.g., Doyle et al. 2011;
Welsh et al. 2012) and a number of adaptive optics (AO)
surveys have proven to be effective at detecting more widely
separated stellar companions (Wang et al. 2015; Woellert et al.
2015; Woellert & Brandner 2015; see Ngo et al. 2015 for a
complete review of surveys prior to 2015). The Friends of Hot
Jupiters (FOHJ) project systematically tests the validity of
dynamical models of hot Jupiter migration and performs a
dedicated inquest on the stellar multiplicity rate of hot Jupiter
systems. We focus on a sample of nearby transiting hot Jupiters
with well-characterized spin–orbit alignments and orbital
eccentricities, divided into a control group with circular,
well-aligned orbits and an experimental group with eccentric
and/or misaligned orbits. Our approach differs from that of
most previous surveys, which typically focused on either non-
transiting planets or transiting planet candidates in the Kepler
sample, of which the vast majority are too small or too faint to
detect the Rossiter–McLaughlin effect and measure their
corresponding spin–orbit misalignments (e.g., Adams et al.
2012; Lillo-Box et al. 2012).
In Knutson et al. (2014) we searched for long-term radial
velocity accelerations due to distant planetary or stellar
companions in these systems, and found that 51±10% of
the stars in our sample hosted planetary mass companions with
orbits between 1 and 20 AU. In Bechter et al. (2014) and Ngo
et al. (2015) we performed a complementary K band AO
imaging search for stellar companions on relatively wide orbits,
and found a binary rate of 48±9% for stellar companions with
projected separations between 50 and 2000 AU. This rate is
approximately twice that of ﬁeld stars having companions in
this semimajor axis range (Raghavan et al. 2010), suggesting
that stellar companions may play a role in the formation of
these systems. Although previous imaging studies hinted at a
high stellar multiplicity rate for transiting planet host stars (see
Ngo et al. 2015 for a complete review), our study was the ﬁrst
to conﬁrm that the imaged companions were gravitationally
bound and to derive a completeness-corrected multiplicity rate
for hot Jupiter host stars. In both surveys there was no
indication that eccentric or misaligned systems were more
likely to have a massive outer companion than their circular
and well-aligned counterparts.
In this study, we use Keck NIRSPEC (Near InfraRed Echelle
SPECtrograph; McLean et al. 1998) to search for stellar
companions that might have gone undetected in our AO and
radial velocity observations. We use high-resolution K band
spectroscopy to search for blended lines from cool stellar
companions, exploiting the deep CO molecular absorption
features present in cool stars and distinct from the lines of the
hotter primaries. We expect that these companions will have
relatively small projected separations and/or high orbital
inclinations, in order to be consistent with our previous radial
velocity and AO observations of these systems. For systems in
which we detect companions, we can estimate their effective
temperatures and place an upper limit on their projected
separations from the primary.
A number of previous studies have used high-resolution
spectroscopy to locate hidden binary companions. Bardalez
Gagliufﬁ et al. (2014) analyzed a sample of 815M and L dwarf
spectra taken with IRTF SpeX in order to locate blended stellar
companions with relatively low effective temperatures (also see
Burgasser et al. 2010). Guenther et al. (2013) used CRIRES on
the Very Large Telescope to identify approximately twenty
planet-hosting stars in the CoRoT sample with blended spectra
from close stellar companions. Kolbl et al. (2015) observed
planet-hosting stars from the Kepler survey with optical Keck
HIRES spectroscopy in order to search for binary companions
with relative radial velocities greater than 10 km s−1 such that
the secondary absorption lines are Doppler shifted. A similar
technique is used to probe absorption lines in the atmospheres
of hot Jupiters, which exhibit rapidly varying velocity offsets
(Snellen et al. 2010; de Mooij et al. 2012; Birkby et al. 2013;
Lockwood et al. 2014). For cases where the hidden companion
has a signiﬁcantly different effective temperature than the
target star, Kolbl et al. (2015) were also able to detect
companions with smaller radial velocity offsets. Of the 1160
Kepler stars with candidate transiting planets, sixty-three
showed spectroscopic evidence for a companion star. We use
a similar approach in our survey, but observe in the infrared in
order to increase our sensitivity to relatively cool stellar
companions.
In Section 2 we present a description of our observations and
subsequent model ﬁtting, and in Section 3 we discuss the
resulting spectroscopic detections. In Section 4 we compare our
results to those of the AO and radial velocity portions of the
FOHJ survey. In Section 5 we compute the companion fraction
for our sample.
2. OBSERVATIONS AND DATA ANALYSIS
We observed ﬁfty short-period transiting gas giant planetary
systems on four separate nights (UT 2012 August 27, 2013
January 28, March 2, and July 4) using NIRSPEC at the W.M.
Keck Observatory on Mauna Kea, which has a resolution
R=30,000 in the K band (2.0–2.4 μm). See Knutson et al.
(2014) for details on the sample selection. We extract one-
dimensional spectra from the raw images using an IDL
(Interactive Data Language) pipeline that ﬂat ﬁelds and dark
subtracts the images as well as removes any bad pixels
following the methods described in Boogert et al. (2002). We
correct for telluric absorption by dividing the science target
spectrum by that of a calibrator star with an intrinsically ﬂat
spectrum, usually a nearby rapidly rotating A-star, at a similar
air mass on the same night, where we have empirically shifted
the calibrator spectrum to match the wavelength solution of
each target star. As an example, the telluric-corrected and
wavelength-calibrated spectrum for WASP-2 taken on UT
2013 July 4 is shown in Figure 1.
2.1. One-star Model
We ﬁt each K band spectrum with a PHOENIX stellar model
(Husser et al. 2013) interpolated to match the published
effective temperature Teff, surface gravity glog ,( ) and metalli-
city Fe H[ ]of the target star. See Table 1 for a list of targets
and their stellar properties. In accordance with Gray (2005), the
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synthetic spectrum is rotationally broadened by convolving it
with the following kernel:
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sinlD = l , v isin is the line of sight rotational
velocity as listed in Table 1, and ò is the limb darkening
coefﬁcient of the target taken from Claret (2000).
2.2. Two-star Model
We construct a two-star model by combining the rotationally
broadened PHOENIX model appropriate for the target star with
another PHOENIX model corresponding to a faint cool
companion in the system. For each target, we create 34 two-
star models, each with a different companion effective
temperature ranging from 2300 to 5500 K. We assume all our
companion stars have glog 5.00.( ) = We also assume our
companion stars have the same radial veolcities as the primary
stars because companions in short-period orbits would already
have been detected in our radial velocity observations of the
primary star. For example, a K-dwarf companion to a typical
star in our survey with a random orbital orientation must on
average be located beyond 10 AU in order to avoid creating a
detectable RV signal. At this separation, the companion star
would have an RV offset of 6 km s−1, corresponding to
0.4 pixels in our NIRSPEC observations. This choice repre-
sents a departure from traditional spectroscopic binary analyses
(e.g., Zucker & Mazeh 1994), which allow for an arbitrary
radial velocity offset between the two binary components.
Although our decision to ﬁx the radial velocity offset between
the two stars to zero precludes us from detecting chance blends
with unassociated background or foreground stars, we note that
such blends would need to have a differential magnitude less
than 5.0 in order to be detectable and a separation of less than
0 4 in order to fall within our slit. In our AO survey of these
stars we found that all candidate stellar companions with a
differential K band magnitude less than 6.0 located within 5″ of
the primary were in fact bound companions (see Figure 4 in
Ngo et al. 2015), and we therefore consider it unlikely that any
chance blends would occur in our sample that meet the above
criteria.
We set Fe H[ ]=0 for our companion stars as the primary
stars in these systems all have near-solar or solar metallicities.
We evaluate the effect of metallicity on our models by re-
running our ﬁts to the most metal-rich star in our sample (HAT-
P-13, Fe H[ ]= 0.46± 0.07), and ﬁnd that our results are
indistinguishable from those of stellar metallicity models. Since
cool stars typically have v isin values that are less than
5 km s−1, instrumental broadening will dominate and we ﬁx the
rotational broadening to zero for our cool star companion
models. PHOENIX models are given in units of ﬂux per unit
surface area, and we multiply the spectra of the primary and
companion stars by their respective areas in order to convert to
total ﬂux. We take the value for the radius of the primary star
from the published literature, and we calculate the radius of the
companion as a function of its effective temperature using the
stellar evolution models of Baraffe et al. (1998).
2.3. Fitting Procedure and Detection Metric
We ﬁrst ﬁt the one-star model to the calibrated data,
assuming constant errors at each wavelength bin. The
wavelength solution (described to third order as
ax bx c2l = + + where x is pixel number and a, b, and c
are free parameters) and the width of the instrumental
broadening kernel are left as free parameters when ﬁtting each
individual spectrum. We allow the instrumental broadening to
vary across all orders and ﬁnd that it remains roughly consistent
throughout (full-width half-maximum ∼0.05 cm−1). The
instrumental broadening kernel is assumed to be Gaussian
and represents the effect of poor seeing and the interaction of
the starlight with the instrumental apparatus. The instrumental
broadening varies from target to target according to the
orientation of the telescope and the air mass of the
observations. We ﬁnd the best-ﬁt model by minimizing 2c
and check that we have found the correct global minimum by
repeating the calculation with different initial guesses in the
parameter space.
We then use the best-ﬁt one-star model to determine
empirical error bars for the data. These error bars are calculated
as the standard deviation of each residual and its twenty nearest
neighbors. This method of error calculation allows us to
directly estimate the combined error due to the calibration,
model ﬁt, and photon noise contributions, many of which are
difﬁcult to predict a priori. We note that these empirically
determined error values are only an approximation to the true
error distribution; our use of the 2c metric implicitly assumes
that each wavelength measurement is drawn from an
independent Gaussian distribution with a width σ determined
Figure 1. Telluric-corrected and wavelength-calibrated K band spectrum for
WASP-2 taken with NIRSPEC on UT 2013 July 4 shown in black with the
best-ﬁt one-star model overplotted with a yellow dashed line and the best-ﬁt
two-star model overplotted with a red solid line. “Chirps” in the data, especially
from 2.040–2.065 μm are due to incomplete telluric removal.
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Table 1
Target List and Stellar Properties
Target Star R (R) Teff(K) D (pc) log g Fe H[ ] v isin (km s−1) ò Rlog HK( )¢ References
GJ 436 0.45 3416 10.14 4.83 −0.03 3.0 0.3063 −5.298 (1), (2), (3), (4)
HAT-P-2 1.64 6411 125.3 4.16 0.14 20.8 0.2828 −4.7 (5), (6)
HAT-P-4 1.46 6687 293.5 4.14 0.2 5.6 0.2697 −5.082 (5), (7), (8)
HAT-P-6 1.46 6687 277.8 4.22 −0.11 8.9 0.2556 −4.799 (5), (9)
HAT-P-7 1.90 6259 320 4.02 0.15 5 0.2900 −5.018 (5), (10), (11)
HAT-P-8 1.48 6223 230 4.19 −0.04 12.6 0.2917 −4.985 (5), (12), (13)
HAT-P-10 0.79 4974 121.7 4.56 0.25 1.9 0.3613 −4.823 (5), (14)
HAT-P-11 0.75 4792 38.0 4.59 0.33 0.8 0.3789 −4.567 (5), (15)
HAT-P-12 0.70 4650 139.1 4.61 −0.29 0.5 0.3932 −5.104 (16)
HAT-P-13 1.76 5720 214 4.13 0.46 3.1 0.3117 −5.138 (5), (14), (17)
HAT-P-14 1.59 6671 205 4.25 0.07 9.0 0.2714 −4.855 (5), (17), (18)
HAT-P-15 1.08 5640 190 4.38 0.31 2.1 0.3229 −4.977 (5), (19)
HAT-P-16 1.24 6140 235 4.34 0.12 3.4 0.2958 −4.863 (5), (20)
HAT-P-17 0.84 5345 90 4.53 0.06 1.3 0.3349 −5.043 (5), (21)
HAT-P-18 0.75 4790 166 4.56 0.14 0.8 0.3789 −4.799 (5), (22)
HAT-P-20 0.70 4619 70 4.64 0.26 2.6 0.3932 −4.506 (5), (23)
HAT-P-22 1.04 5367 82 4.37 0.29 1.5 0.3349 −4.901 (5), (23)
HAT-P-24 1.32 6329 396 4.27 −0.21 11.4 0.2871 −4.955 (5), (24)
HAT-P-26 0.79 5142 134 4.56 0.1 1.4 0.3478 −5.008 (5), (22)
HAT-P-29 1.22 6086 322 4.34 0.14 4.4 0.2982 −5.096 (5), (25)
HAT-P-30 1.22 6304 193 4.36 0.13 2.2 0.2882 5.169 (26)
HAT-P-31 1.36 6065 354 4.26 0.15 0.5 0.2992 5.169 (27)
HAT-P-32 1.22 6207 283 4.33 −0.04 20.7 0.2927 −4.641 (22)
HAT-P-33 1.64 6446 387 4.15 0.07 13.7 0.2812 −4.87 (22)
HAT-P-34 1.56 6442 257 3.98 0.21 24.5 0.2814 −4.931 (28)
HD 149026 1.53 6103 80.8 4.27 0.24 6.3 0.2975 −5.03 (5), (29)
TrES-2 0.95 5850 220 4.47 −0.01 0.8 0.3114 −4.949 (5), (30), (31)
TrES-3 0.83 5514 258.5 4.57 −0.2 1.3 0.3229 −4.549 (5), (32)
TrES-4 1.83 6200 476 4.05 0.14 8.5 0.2928 −5.104 (32)
WASP-1 1.50 6160 380 4.21 0.14 1.7 0.2947 −5.114 (5), (17)
WASP-2 1.06 5255 140 4.52 0.06 1.9 0.3478 −5.054 (5), (17), (33)
WASP-3 1.21 6375 220 4.28 −0.06 15.4 0.2850 −4.872 (5), (34), (35)
WASP-4 0.90 5540 280.9 4.47 0 3.4 0.3229 −4.85 (5), (36), (37)
WASP-7 1.32 6520 140 4.32 0 18.1 0.2783 −4.8 (37), (38)
WASP-8 1.05 5570 87 4.40 0.17 2.7 0.3114 −4.709 (37), (39)
WASP-10 0.70 4735 90 4.51 0.05 2.9 0.3789 −4.704 (5), (40), (41)
WASP-14 1.67 6462 160 4.29 −0.13 3.5 0.2810 −4.923 (5), (17), (42)
WASP-15 1.52 6405 256 4.40 0 4.9 0.2836 −5.286 (37), (43)
WASP-16 1.09 5630 174 4.21 0.07 2.5 0.3233 −5.048 (37), (43)
WASP-17 1.58 6550 476 4.14 −0.02 9.8 0.2763 −5.331 (5), (17), (37), (44)
WASP-18 1.29 6368 122.6 4.37 0.11 10.9 0.2853 −5.43 (5), (37), (38)
WASP-19 1.02 5460 250 4.50 0.05 4.5 0.3349 −4.66 (45)
WASP-22 1.22 5958 300 4.50 0.05 4.5 0.3041 −5.065 (45)
WASP-24 1.33 6107 332.5 4.26 −0.02 6.1 0.2973 −5.139 (5), (46)
WASP-34 0.93 5700 120 4.50 −0.02 1.4 0.3114 −5.163 (47)
WASP-38 1.35 6187 110 4.25 −0.02 8.6 0.2936 −5.158 (5), (48)
XO-2 0.97 5377 156.0 4.45 0.35 1.0 0.3349 −4.988 (5), (49)
XO-3 1.38 6759 185.7 4.24 −0.05 20.3 0.2664 −4.595 (5), (50), (51)
XO-4 1.56 6297 308.2 4.17 −0.03 8.8 0.2882 −5.292 (5), (52)
XO-5 1.08 5370 260 4.31 0.05 0.7 0.3349 −5.147 (11)
Note. Distances are estimated from stellar models. All ò values are from Claret (2010). All log RHK¢ values are from Knutson et al. (2010). WASP-12 was in the
original Friends of Hot Jupiter sample, but was eliminated from the NIRSPEC survey because of its low elevation at the time of observation.
References. (1) Bonﬁls et al. (2005), (2) Maness et al. (2007), (3) von Braun et al. (2012), (4) Torres (2007), (5) Torres et al. (2012), (6) Pál et al. (2010), (7) Winn
et al. (2011), (8) Kovacs et al. (2007), (9) Noyes et al. (2008), (10) Van Eylen et al. (2012), (11) Pál et al. (2009), (12) Mancini et al. (2013), (13) Latham et al. (2009),
(14) Bakos et al. (2009), (15) Bakos et al. (2010), (16) Hartman et al. (2009), (17) Southworth et al. (2012), (18) Torres et al. (2010), (19) Kovacs et al. (2010), (20)
Buchhave et al. (2010), (21) Howard et al. (2012), (22) Hartman et al. (2011), (23) Bakos et al. (2011), (24) Kipping et al. (2010), (25) Buchhave et al. (2011), (26)
Johnson et al. (2011), (27) Kipping et al. (2011), (28) Bakos et al. (2012), (29) Carter et al. (2009), (30) Barclay et al. (2012), (31) O’Donovan et al. (2010), (32)
Sozzetti et al. (2009), (33) Bergfors et al. (2013), (34) Miller et al. (2010), (35) Gibson et al. (2008), (36) Wilson et al. (2008), (37) Doyle et al. (2013), (38) Hellier
et al. (2009), (39) Queloz et al. (2010), (40) Johnson et al. (2009), (41) Christian et al. (2009), (42) Joshi et al. (2009), (43) Southworth et al. (2013), (44) Anderson
et al. (2010), (45) Anderson et al. (2011), (46) Street et al. (2010), (47) Smalley et al. (2011), (48) Brown et al. (2012), (49) Burke et al. (2007), (50) Winn et al.
(2008), (51) Johns-Krull et al. (2008), (52) McCullough et al. (2008).
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by our empirical estimates. This is fundamentally an approx-
imation and we therefore use the 2c values from our ﬁts as a
metric of relative goodness-of-ﬁt rather than an absolute
measurement of the probability of a given model. With these
new error bars, we reﬁt the best-ﬁt one-star model at the best-
ﬁtting grid point. We use the ﬁnal best-ﬁt parameters for the
one-star model as the initial guess for ﬁtting the two-star model.
Although we allow the instrumental broadening and wave-
length solution to vary between the one and two-star models,
we ﬁnd consistent values between the two versions of the ﬁt.
We exclude the third order (2.155–2.185 μm) from our
analysis, where we ﬁnd that our telluric A star standards have
a strong Brackett gamma absorption line that propagates into
our target spectra when applying our telluric correction.
We plot the reduced chi-squared ( red
2c ) value for the two-star
ﬁt as a function of the stellar companion temperature and look
for minima indicating the presence of a cool companion. The
red
2c for the coolest stellar companions approaches that of the
single-star ﬁt, indicating that we are not sensitive to
companions below a certain temperature, as shown in panels
(A)–(C) of Figure 2.
We also compare the one- and two-star ﬁts using the
Bayesian Information Criterion (BIC), which is deﬁned as:
N nBIC ln , 22 ( ) ( )c= +
where 2c is the canonical chi-squared value, N is the number of
free parameters, and n is the number of data points. For our
purposes, N=4 for the one-star model, N=5 for the two-star
model, andn=4980. In order tobe classiﬁedas adetection, there
must be a signiﬁcant improvement in the red
2c and in
the BIC for the two-star model, and we must be able to verify
the presence of absorption lines from the cool companion that are
distinct from those of the primary (i.e., the code is not just
improving the ﬁt to a single star spectrum by overlaying a second
nearly identical spectrum and better ﬁtting to the measured line
proﬁles). We ﬁnd that in all cases the BIC gives results that are
equivalent to the red
2c approach. For the systems where we detect
candidate stellar companions, we list the effective temperature of
the cool companion that produces the largest improvement in red
2c
over the one-star model. In some cases there is a broad minimum
in red
2c for the two-star model centered on the effective
temperature of the primary, which can create a slope that extends
out to relatively low companion temperatures. We correct for the
effect of this slope in cases where we detect a candidate stellar
companion at lower temperatures by interpolating the slope
across the region spanned by the minimum due to the companion
and subtracting the interpolated trend. The endpoints for this
interpolated line are chosen byﬁnding the locations on either side
Figure 2. Fit results (panels (A)–(C)) and sensitivity tests (panels (D)–(F)) for HAT-P-16, HAT-P-15, and WASP-10. The solid orange and black lines represent the
reduced chi-squared value of the one- and two-star models, respectively. The red dotted line represents the effective temperature of the host star and the blue dotted
lines in panels (D)–(F) represent the effective temperature of the injected stellar companion. The dotted black line in panel (E) represents the expected slope of the 2c
trend for a two-star ﬁt in the case where no companion was present. These systems are classiﬁed as non-detections since there is no reliable reduction in 2c when a
second star with an effective temperature distinct from that of the target star is added to the model ﬁt. We are able to inject and succesfully recover signals due to
3700 K and 3900 K companions in the HAT-P-16 and HAT-P-15 systems (panels (D) and (E), respectively). We cannot recover the 3800 K signal injected into the
WASP-10 system due to WASP-10ʼs low effective temperature.
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of the local reduced chi-squaredminimum having slopes equal to
within 10%.
Our wavelength-dependent measurement errors are deter-
mined empirically from the data themselves and we expect
them to be dominated by systematic errors due to imperfect
corrections for telluric absorption and in our stellar models. As
a result, there is no formal metric for determining whether or
not a detection is statistically signiﬁcant, and we therefore rank-
order our detections from strongest to weakest according to the
depth of the minimum in .red
2c Fitting our data with this same
procedure, but with uniform error bars, gives the same ﬁnal sets
of detections and non-detections, with only slight variations in
detection strengths and companion effective temperatures.
We estimate the uncertainties on the effective temperatures
of the candidate stellar companions using two methods. We
ﬁrst calculated the range in effective temperature corresponding
to a 1σ change in our best-ﬁt 2c value, but found that this
method produced unrealistically small error bars with a typical
size of 120 K. We instead adopted a more conservative method
in which we calculate the range in effective temperature
corresponding to a change in red
2c equal to half the total
difference between the one- and two-star models at the best-ﬁt
companion temperature. We ﬁnd typical uncertainties of 250 K
using this method, as shown in Table 3. Figure 1 shows the
best-ﬁt one-star and two-star models for WASP-2 in yellow and
red, respectively.
2.4. Sensitivity Tests
We evaluate our sensitivity to cool stellar companions in
individual systems with non-detections by injecting synthetic
companions into our data and determining the lowest effective
temperature for which we can reliably detect the injected
companion. In doing so, we characterize our dispositive null
detections, where our lack of detection implies that there is no
companion in a speciﬁc temperature and semimajor axis range
in that system. We create each synthetic companion spectrum
by applying the previously calculated best-ﬁt wavelength
solution and instrumental broadening to a PHOENIX spectrum
for a stellar companion at the desired temperature. We add this
fake spectrum to the target data, scaled to the band-integrated
ﬂux of the primary star according to
F
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where Rp is the radius of the primary star, Rs is the radius of
the companion star, 1l is the short-wavelength limit of the
K band, 2l is the long-wavelength limit of the K band, I T ,( )l
is the surface brightness of the PHOENIX spectrum for each
target star and each synthetic companion, Tp is the effective
temperature of the primary star, and Tc is the effective
temperature of the companion star. We run this composite
spectrum through the ﬁtting procedure described in Sec-
tions 2.1–2.3 and calculate a corresponding lower limit on the
temperature of the stellar companions that can be detected in
our data. Note that the properties of the hot Jupiter host stars
are known in advance from high-resolution optical spectro-
scopy, which will be minimally affected by contamination from
an M dwarf companion. This precludes a scenario in which a
G+M star spectrum is mistaken for a K star spectrum, as
degeneracies are only possible when the temperatures of both
the primary and companion star are allowed to very as free
parameters in the ﬁts.
We carry out the procedure described above on the targets
having Teff 5700 K and report the dispositive null detections
in Table 2. For targets having Teff> 5700 K (which all have
chi-squared curves shaped similarly to Panel (A) of Figure 2),
we ﬁnd that the range of effective temperatures where the
difference in red
2c between the one- and two- star models is
greater than 0.005 is the same as the range of effective
temperatures suggested by the full injection-and-recovery
method. For these targets, we use this threshold in red
2cD
rather than running the full sensitivity test on each individual
system, and report the range of companion temperatures
corresponding to dispositive null detections in Table 2.
3. RESULTS
The results of our analysis are shown in Tables 2 and 3.
Table 2 lists systems with non-detections as well as the range
of companion temperatures that can be ruled out for systems
Table 2
NIRSPEC Sensitivity Limits for Systems with Dispositive Null Detections
Target Star Teff Range Max. Sep.
a
(K) (AU)
HAT-P-2 3900–5500 49
HAT-P-6 3400–5500 112
HAT-P-7 3500–5500 138
HAT-P-8 3600–5500 99
HAT-P-14 3700–5500 89
HAT-P-15b 3400–4500 82
HAT-P-16 3600–5500 101
HAT-P-24 3600–5500 171
HAT-P-29 3600–5500 139
HAT-P-30 3800–5500 83
HAT-P-31 3900–5500 153
HAT-P-32 3500–5500 122
HAT-P-33 3800–5500 167
HD 149026 3800–5500 34
TrES-2 3600–5500 99
TrES-3b 3600–5500 98
TrES-4 4000–5500 213
WASP-1 3800–5500 164
WASP-3 3800–5500 95
WASP-4b 3700–4500 130
WASP-7 3400–5500 61
WASP-14 3500–5500 69
WASP-15 3500–5500 110
WASP-16b 3300–4000 75
WASP-17 3600–5500 172
WASP-18 3900–5500 43
WASP-24 3700–5500 128
WASP-34b 3300–3900 52
WASP-38 3800–5500 48
XO-3 3600–5500 80
XO-4 3600–5500 127
Notes.
a This is the approximate maximum separation probed based on the size of the
NIRSPEC slit (0 4) and the system’s parallax as given in Table 1.
b These targets have effective temperatures between 5500 and 5700 K. We are
only sensitive to companions with effective temperatures that are at least 500 K
cooler than the primary.
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with non-detections. Table 3 is organized according to the
strength of the detection, which we deﬁne as the improvement
in 2c for the two-star model as compared to the one-star
model.
We classify systems with negligible improvements in 2c for
the two-star ﬁt as non-detections. An example is shown in
panel (A) of Figure 2. As discussed in Section 2.3, for targets
with effective temperatures less than approximately 5500 K our
two-star ﬁt always ﬁnds a minimum corresponding to a ﬁt
where the primary and secondary stars have the same effective
temperature. In practice this means that we are only sensitive to
companions with effective temperatures that are at least 500 K
cooler than that of the primary as illustrated in panels (B) and
(C) of Figure 2.
Also shown in Figure 2 are the results of our sensitivity tests.
Panels (D) and (E) show the injection and recovery of 3700 K
and 3900 K spectra in the HAT-P-16 and HAT-P-15 systems,
respectively. There are 31 stars in our sample with similar
sensitivity, for which we are sensitive to companions over the
range of temperatures indicated in Table 2. Seven of the coolest
stars in our sample (WASP-10, GJ436, HAT-P-11, HAT-P-12,
HAT-P-20, WASP-19, and XO-2) have effective temperatures
between 3400 and 5500 K. For these seven targets, we are
unable to detect injected companions at any of the temperatures
considered in this study. Panel (F) of Figure 2 shows our
inability to recover a 3800 K spectrum injected into the WASP-
10 system.
There are 12 targets which show a minimum in 2c that
appears to be due to the presence of a cooler stellar companion.
We show the results of the model ﬁts for the 12 systems with
candidate companions in order of detection strength in Figure 3,
and list the corresponding companion temperatures in Table 3.
The ﬁt results for these twelve systems are shown in Figure 3 in
order of detection strength. Table 3 gives the best-ﬁt
companion effective temperature and an upper limit on its
projected separation based on the width of the NIRSPEC slit. In
all cases, we ﬁnd that the value of the BIC for the best-ﬁt two-
star model is lower than that of the best-ﬁt one-star model for
all candidate companions listed in Table 3, thereby justifying
the addition of the extra parameter (the temperature of the
companion star) to the model.
We present our results in terms of the reduced chi-squared
value in order to demonstrate the relative quality of our ﬁts.
The reduced chi-squared values are often slightly greater
than 1, indicating that our errors are likely underestimated,
despite our use of empirical estimates for the measurement
errors at each indvidual wavelength as described in Section 2.3.
In addition, the apparent small discontinuity at 5000 K in some
of our reduced chi-squared plots is due to a change in the refl
used to calculate the optical depth grid in the PHOENIX
models (Husser et al. 2013). Differences in the shape of the
2c curve for targets with similar effective temperatures are
likely due to different observing conditions.
4. DISCUSSION
4.1. Systems with No AO- or RV-companion Detections
Here, we list the systems which have a candidate companion
detected by the NIRSPEC survey alone.
4.1.1. HAT-P-17
As shown in Figure 3, the model ﬁt is signiﬁcantly improved
by the presence of a 3900 300
200-+ K companion in the HAT-P-17
system. According to the size of the NIRSPEC slit, this
companion has a projected separation of less than about 36 AU.
Our AO survey would only have detected a 3900 K companion
if it were outside 60 AU. We also obtained a second spectrum
of HAT-P-17 (Figure 4) on a different night in order to make
sure that the candidate companion was reliably detected in both
data sets. We ﬁnd consistent results from both nights, albeit
with varying signiﬁcance, and report the stronger of the two
detections in Table 3. If the projected separation of the
companion is comparable to that of the NIRSPEC slit width,
the strength of the detection will vary depending on the slit
orientation relative to the position angle of the binary.
4.1.2. HAT-P-26
For HAT-P-26, we are careful to calculate the improvement
in red
2cD due to the presence of the cooler companion after
subtracting off the residual slope due to the primary star, as
shown by the dotted line in Figure 3. We detect a candidate
companion in this system with an effective temperature of
4000 350
100-+ K and a projected separation less than 54 AU. A
companion having this temperature would not have been
Table 3
Systems with Candidate Companion Detections
Target Star red
2cD ΔBIC Tcomp Max. Sep.a
(K) (AU)
Detections ( red
2 cD 0.005b)
HAT-P-17 0.0162 72 3900 300
200-+ 36
WASP-2c 0.0109 46 3800 350
300-+ 56
HAT-P-22 0.0105 44 4000 400
250-+ 33
HAT-P-10d 0.0099 41 4000 200
200-+ 49
HAT-P-26 0.0091 37 4000 350
100-+ 54
HAT-P-18d 0.0085 34 4000 200
200-+ 66
HAT-P-13 0.0073 28 3900 350
300-+ 86
HAT-P-34 0.0073 28 3600 250
150-+ 103
WASP-22 0.0063 23 3700 300
150-+ 120
XO-5 0.0050 16 3500 150
250-+ 104
Detections Below Empirical Threshold for Signiﬁcance
(0.005 > Δ red
2c > 0.0036e)
HAT-P-4 0.0043 13 3900 400
450-+ 125
WASP-8 0.0043 13 3600 250
350-+ 35
Notes.
a This is the approximate maximum projected separation based on the size of
the NIRSPEC slit and the system’s parallax as given in Table 1.
b This lower limit was chosen using WASP-2 as a benchmark becasue we
independently detect the companion in our AO images. (See Section 4.2.1.)
c This detection is veriﬁed by our AO survey (Ngo et al. 2015), as discussed in
Section 4.2.1.
d These detections are likely due to star spots rather than the presence of a
companion, as discussed in Sections 4.1.3 and 4.2.2.
e This lower limit was chosen as there is a relatively large gap (0.001 in red
2cD )
in red
2cD between this detection and the next non-detection.
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detectable by our AO survey. The shape of our red
2c curve for
this star is analogous to that of the non-detection HAT-P-15
with a 4000 K companion injected into its spectrum as shown
in Figure 2.
4.1.3. HAT-P-18
For the HAT-P-18 system, we detect a candidate companion
with an effective temperature of 4000 200
200-+ K and projected
separation less than about 66 AU. Our AO survey would only
Figure 3. Twelve systems with cool candidate companions that pass our detection threshold as given in Table 3. See Figure 2 caption for more information. We plot
these systems in order of decreasing strength of detection, moving from left to right and top to bottom. HAT-P-17, WASP-2, and WASP-22 were observed twice, and
we show the stronger of the two detections here (see Figure 4 for comparison). We independently resolve the companion to WASP-2 in our AO imaging, as discussed
in Section 4.2.1.
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have been sensitive to a 4000 K companion if it were outside
140 AU.
We note that this star is relatively active with
Rlog HK( )¢ =−4.799 (Knutson et al. 2010), and it is therefore
likely that the observed minimum is due to spots on the
visible face of the star. Previous studies (Frasca et al. 2005;
Pont et al. 2008; Sing et al. 2011) have shown that these star
spots typically have temperatures that are 500–1000 K cooler
than that of the primary star, in good agreement with the
temperature difference observed in this system.
4.1.4. HAT-P-34
In the HAT-P-34 system, we ﬁnd a 3600 250
150-+ K candidate
companion with a projected separation less than about 103 AU.
Such a companion would have been undetectable in our AO
survey.
4.1.5. XO-5
We detect a candidate companion in the XO-5 system with
an effective temperature of 3500 150
250-+ K and a projected
separation less than about 104 AU. Our AO survey was unable
to detect such a cool companion.
4.2. Systems with AO-detected Companions
We check to see if any of our spectroscopically detected
candidate companions are detected independently in the AO
imaging survey presented in Ngo et al. (2015). We obtained our
data in parallel with the AO survey, and so did not have any
prior knowledge of the positions of resolved stellar companions
in these systems that could have been used to determine the
optimal slit position angle in the sky. Because NIRSPEC has a
slit width of 0 4, we expect that we are only sensitive to
companions with projected separations smaller than 0 2–0 4
unless they happened to be aligned along the slit in our
NIRSPEC observations. We identify three systems with both
resolved AO companions and candidate spectroscopic compa-
nions, and discuss them individually below.
4.2.1. WASP-2
An AO companion to WASP-2 was detected ﬁrst on 2012
July 27 and 2013 June 22 with an average Teff=3513±28 K
and separation of 0 73±0 0015 (Ngo et al. 2015). Although
this projected separation is larger that the NIRSPEC slit width
of 0 4, we expect the companion would still be detectable if it
happened to fall along the direction of the slit in our NIRSPEC
observations. This appears to be the case, as we detect a stellar
companion with Teff =3800 350
300-+ K in our UT 2012 August 27
observation. We also obtained a second spectrum of WASP-2
(Figure 4) on a different night and list the stronger of the two
detections in Table 3. Since the projected separation is known
to be greater than the size of the NIRSPEC slit, it is likely that
varying amounts of companion starlight were gathered on the
two nights, producing model ﬁts of differing qualities.
This is the only system in which we independently detect the
companion using both spectroscopy and AO imaging, and we
therefore use this system to determine an empirical threshold
for spectroscopic detections. The red
2cD for the companion in
the system is 0.01, and we therefore adopt a cutoff of 0.005 for
determining our list of candidate companions in Table 3.
4.2.2. HAT-P-10
We detect a bound companion to this star in our K band AO
imaging with an effective temperature of Teff=3494±37 K
and a projected separation of 0 36 ±0 0015 (Ngo
et al. 2015). Although the projected separation of this
companion is smaller than the NIRSPEC slit width, we do
not detect it in our spectroscopic observations. As shown in
Table 2 our injection and recovery tests indicate that the
companion in this system falls below our detection threshold
for this technique. Additionally, if the position angle of the
binary companion was perpendicular to the slit and the primary
star was located in the middle of the slit, the companion may
still have fallen outside the slit aperture.
Figure 4. Second epoch of data for WASP-2, HAT-P-17, and WASP-22 (see
Figure 3 caption for more information). For HAT-P-17 and WASP-22 the blue
dotted line represents the effective temperature of the best-ﬁt two-star model.
For WASP-2, the blue dotted line shows the best-ﬁt two-star model effective
temperature suggested by the analysis of the 2013 July data. The companion in
this system is resolved in our AO images and has a projected separation of
0 73, thus it will only be detected in cases where the slit is effectively parallel
to the position angle of the two stars. This changing slit orientation may also
explain the varying detection strengths for HAT-P-17 and WASP-2.
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Although we do not independently recover the AO
companion in this system, we do ﬁnd a minimum in our
two-star ﬁts at an effective temperature of 4000 200
200-+ K.
Similar to HAT-P-18, HAT-P-10 is relatively active with
Rlog HK( )¢ =−4.82 (Knutson et al. 2010). Therefore, it is likely
that the observed chi-squared minimum is due to spots on the
visible face of the star.
4.2.3. WASP-8
An AO-companion to WASP-8 was detected on 2012 July
27 and 2013 August 19 with an average Teff=3591±157 K
and separation of 4 50 ±0 0026 (Ngo et al. 2015). The
separation between WASP-8 and its stellar companion is much
larger than the width of the NIRSPEC slit, and it is therefore
unlikely that this companion would contribute to our measured
NIRSPEC spectrum. Although we identify a weak minimum in
our spectroscopic analysis corresponding to a companion with
an effective temperature of 3600 250
350-+ K, this minimum falls
below our empirical cutoff for a signiﬁcant detection.
4.3. Systems with RV-detected Companions
Here, we ask whether or not the candidate spectroscopic
companions could have caused the RV trends. We therefore
consider whether or not any of the candidate spectroscopic stellar
companions detected in this study might be responsible for the
radial velocity accelerations reported in Knutson et al. (2014).
For the systems where the mass of NIRSPEC candidate
companion is consistent with the measured radial velocity trend,
we calculate the system’s likely angle from face-on given by
a
GM
sin 4c
2
c
˙ ( )q g=
as in Winn et al. (2009), where g˙ is the RV trend measured by
Knutson et al. (2014), Mc is the mass of the NIRSPEC
candidate companion calculated from Teff according to Baraffe
et al. (1998), and ac is the candidate companion’s semimajor
axis. This latter value is the least well-known and only vaguely
constrained by the size of the NIRSPEC slit.
4.3.1. HAT-P-22
In Knutson et al. (2014) we reported a radial velocity
acceleration due to a companion with M isin between 0.7 and
125 MJup and semimajor axis of 3.0–28 AU (1σ constraints),
where upper limits on the companion mass and orbit were
calculated based on the AO non-detection. We report a
candidate spectroscopic companion in this system with an
effective temperature of 4000 400
250-+ K, corresponding to a mass
of 660 175
75-+ MJup and a maximum projected separation of 33 AU
(0 4). According to Equation (4), if this companion has an
orbital semimajor axis less than 33 AU it must have a face-on
orbit in order to be consistent with the observed RV trend. It is
also possible that the companion is located at larger semimajor
axes, but was observed at a time when it had a relatively small
projected separation and/or small radial velocity slope.
4.3.2. HAT-P-10
In Knutson et al. (2014) we detected a long-term radial
velocity acceleration in the HAT-P-10 system, which was
consistent with having been caused by a directly imaged AO
companion reported in Ngo et al. (2015). As discussed in
Section 4.2.2, the NIRSPEC detection is likely an indication of
stellar activity.
4.3.3. HAT-P-13
HAT-P-13 has two companions detected with RV. The ﬁrst,
HAT-P-13c, has anM isin of 14.23–15.18MJup and a semimajor
axis of 1.24–1.28 AU (1σ constraints). HAT-P-13d has an
M isin of 15–200 MJup and a semimajor axis of 12–37 AU (1σ
constraints). Our candidate spectroscopic companion has an
effective temperature of3900 350
300-+ K,which corresponds to amass
of 0.602 0.179
0.086-+ Me or 630 18791-+ M ,Jup and projected separation
85.6 AU. If the candidate spectroscopic companionwereHAT-
P-13d identiﬁed by our RV survey, then it must have an
inclination within 5° of face-on. However, Winn et al. (2010)
argue that this system is likely coplanar, as otherwise the
inﬂuence of the outer companions would tend to misalign the
orbit of the inner transiting hot Jupiter with respect to the star’s
spin axis. They ﬁnd that the innermost planet’s orbit is well-
aligned with the star’s spin axis, suggesting that the M isin
values of the outer two companions are likely close to their true
masses. For the same reason we argue here that any outer stellar
companion must also be coplanar with the orbits of the planets in
this system. This constraint might be relaxed if the stellar
companion was distant enough that Kozai-type oscillations
would not occur (see Ngo et al. 2015 and references therein), but
thiswould require that the systemwasobserved at a timewhen the
projected separation between the companion and the primarywas
small in order to remain consistent with both our spectroscopic
detection and our non-detection in AO images of this system. If
we require the companion to be coplanar with the inner planets,
then our radial velocity measurements allow us to rule out
scenarioswhere the stellar companion is located interior to 40 AU
on a high inclination orbit.
4.3.4. WASP-22
We detect a radial velocity acceleration in this system,
corresponding to a companion with M isin between 7 and 500
MJup and a semimajor axis between 6 and 40 AU. The candidate
spectroscopic companion in this system has an effective
temperature of 3700 300
150-+ K, which corresponds to a mass of
0.523 0.253
0.063-+ Me or 548 26666-+ MJup, and separation 120 AU. We
therefore conclude that our spectroscopic candidate could
have caused the radial velocity acceleration measured in this
system if it is on anorbitwithin 10°of face-on.We also obtained a
second spectrum of WASP-22 (Figure 4) on a different night in
order to make sure that the candidate companion was reliably
detecetd in both data sets. We ﬁnd consistent results from both
nights albeit with varying signiﬁcance, and report the stronger
of the two detections in Table 3.
4.4. Detections below the Empirical Threshold for Signiﬁcance
Here we discuss the results for the systems showing marginal
detections of a companion star in order to determine the
effectiveness of our threshold of red
2 cD 0.005.
4.4.1. HAT-P-4
The radial velocity companion in this system is constrained
to have M isin between 1.5 and 310 MJup and a semimajor axis
of 5–60 AU (1σ constraints). We identify a marginally
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signiﬁcant spectroscopic signal corresponding to a stellar
companion with an effective temperature of 3900 400
450-+ K and a
mass of 0.602 0.224
0.123-+ Me or 631 236129-+ MJup at a projected
separation of less than 120 AU. If the RV signal is caused by
this companion, then it must either be located in a short-period
orbit within 4° of face-on, or on a more distant orbit with a
small projected separation and/or small radial velocity slope.
4.4.2. WASP-8
The radial velocity acceleration in this system displays
signiﬁcant curvature, and we are therefore able to place
relatively tight constraints on the mass and orbital separation of
the companion responsible for the acceleration. In this case we
ﬁnd that the companion has M isin between 6.3 and 10.7 M ,Jup
and we therefore conclude that it is most likely a low-mass
brown dwarf or planetary companion. Our candidate spectro-
scopic companion in this system is a relatively weak detection
and has an effective temperature of 3600 250
350-+ K and a projected
separation of less than 35 AU. Therefore, if this NIRSPEC
companion candidate is in fact a true companion, then the
NIRSPEC companion is not the same as the RV companion.
We also detect an AO companion in this system with a
temperature of 3590 K and a projected separation of 4 50,
which is too large to be detected in our NIRSPEC observation.
It seems unlikely that this system would contain a hot Jupiter,
an outer planetary or brown dwarf companion, and two stellar
companions with widely varying orbital separations, and we
therefore conclude that the NIRSPEC detection in this system
is unlikely to be real. This would not be surprising, as this is the
weakest of the candidate companion detections listed in
Table 3.
Given the specious nature of the candidate companion in the
WASP-8 system, we assert our empirical detection theshold of
red
2 cD 0.005 is a reasonable lower limit for identifying
candidate companions in these systems.
5. FALSE DETECTIONS DUE TO STAR SPOTS
We identify the spectroscopic signal of star spots in the
spectra of HAT-P-18 and HAT-P-10, as discussed in
Sections 4.1.3 and 4.2.2. Converting the area ratio for each
star and its “candidate companion” suggests that the fraction of
the stellar surface covered by star spots is 39% and 37% for
HAT-P-18 and HAT-P-10, respectively. This level of star spot
coverage is somewhat high, although not unheard of (e.g.,
Jackson & Jeffries 2014). In an attempt to gain more speciﬁc
information on the fraction of these stars covered by star spots,
we vary the contribution of the cool star spectrum to the two-
star model. However, we ﬁnd that there is no clear minimum
separate from that of the stellar effective temperature. This
suggests that the temperature of the star spots is degenerate
with their fractional area over the range of effective
temperatures considered in our ﬁts.
We next consider the candidate companions around the other
stars in our sample. If we attribute these spectroscopic signals
to star spots we ﬁnd that the fractional ﬂux contributions of the
candidate companions correspond to star spot coverage
fractions between 9% and 37%. Although we cannot
distinguish between star spots and low mass companions on
the basis of our spectra alone, we consider it unlikely that all of
the candidate companions presented in this paper are in fact due
to stellar activity. HAT-P-18 and HAT-P-10 are relatively
active stars with relatively low effective temperatures. As
shown in Figure 5, the remaining systems with candidate
companions appear to be relatively quiet stars as measured by
Rlog HK( )¢ , with the caveat that this index may not be a reliable
activity indicator for stars with effective temperatures greater
than 6000–6200 K (e.g., Knutson et al. 2010). Furthermore, the
candidate companion temperatures implied by our ﬁts to these
quiet stars are much cooler than would be expected for star
spots. We therefore conclude that HAT-P-10 and HAT-P-
18 are the only systems in which our detection of a candidate
companion can plausibly be explained as stellar activity.
6. COMPANION FRACTION
Although our candidate spectroscopic companions still
require additional conﬁrmation, we can nonetheless calculate
an upper limit to the companion fraction in our sample
corresponding to the case where all candidates are conﬁrmed as
real. These companions have Teff=3500–4000 K and pro-
jected separations less than 125 AU. We exclude the seven cool
stars listed in Section 3 from this calculation, as our NIRSPEC
observations are not sensitive to low-mass stellar companions
in these systems. Of the systems with candidate companion
detections, we exclude HAT-P-10 and HAT-P-18, as the
detections in these systems are likely due to stellar activity. We
also exclude HAT-P-4 and WASP-8 as the detections in these
systems fall below our empirical threshold for signiﬁcance, and
WASP-2 as AO imaging indicates that the companion in this
system has a projected separation greater than 0 4. We ﬁnd an
uncorrected binary fraction of 18%±6% for the full survey
sample, 20%±9% for the subset of short period gas giant
planets with eccentric and/or misaligned orbits, and
25%±9% for the subset of planets with apparently well-
aligned and circular orbits.
Figure 5. Effective temperatures of the twelve targets and their candidate
companions. Targets having Rlog HK( )¢ < −4.9 are classiﬁed as quiet stars and
plotted as black ﬁlled triangles. HAT-P-10 and HAT-P-18 have log
(RHK
¢ ) > −4.9, Indicating moderate levels of activity, and are shown as red
ﬁlled circles in this plot. The shaded region represents the expected star spot
temperatures as a function of stellar effective temperature according to Frasca
et al. (2005), Pont et al. (2008), and Sing et al. (2011).
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In order to correct for survey incompleteness we must make
some assumptions about the properties of the underlying
population of stellar companions in our target sample. We
consider two scenarios, including one where the detected
companions are all on wide orbits similar to those of the
companions detected in our previous AO survey (Ngo
et al. 2015), but happen to be observed at a time when they
have a small projected separation. We also consider a scenario
in which the companions are on orbits that are too close in to
have been detected by our AO survey but far enough out to be
consistent with a non-detection in our radial velocity survey
(Knutson et al. 2014). For each underlying population, we
calculate our sensitivity Si for each survey target i to
companions having effective temperatures within the ranges
shown in Table 2 and projected separations less than 0 4 at the
time of observation. We compute the likelihood L of obtaining
our speciﬁc observations as follows:
L S S1 , 5
i
N
i
d
i
d
1
1i i( ) ( )( ) ( )( )h h h= -
=
-
where η is the true/intrinsic companion fraction and di=1 for
systems with NIRSPEC detections and di=0 for systems
without NIRSPEC detections.
6.1. Are These Companions Drawn from the Population of
Wide Companions Detected in Previous Surveys?
In this scenario we assume that the observed NIRSPEC
companions are part of the same population as the wide-
separation companions detected in our AO survey. In this case
the NIRSPEC companions would be located on relatively wide
orbits, but happen to be observed at a time when they have
projected separations of less than 0 4. We calculate our
sensitivity Si to this population for each target star by
generating 106 simulated binary companions with orbital
elements and mass ratio distributions drawn from ﬁeld star
surveys (Raghavan et al. 2010) and periods between 104 and
107.5 days, as described in Ngo et al. (2015). We then determine
the fraction of these simulated companions that would have
been detected by our NIRSPEC observations.
For this population, we ﬁnd that our average survey
sensitivity is 28% with a standard deviation of 9%. If we
assume an intrinsic companion fraction of 49% 9% as
reported in Ngo et al. (2015), then we would expect to detect
companions in 13% 5% of the systems in our NIRSPEC
sample. This is entirely consistent with our actual raw
companion fraction of 18% 6%, which is in fact an upper
limit predicated on the assumption that all of the candidate
companions are real. We therefore conclude that our data do
not require these systems to have an additional population of
close-in stellar companions, but are instead consistent with
being drawn from the same population of wide-separation
companions detected in our previous AO survey.
Using Equation (5) and assuming that the underlying
population has the same mass ratio and period distribution as
the AO sample, we ﬁnd that the corrected companion fraction
is 58% 19%,Th =  consistent with the 49% 9% compa-
nion fraction from our AO survey. The corrected companion
fraction for the subset of planets with misaligned and/or
eccentric orbits is 51% 30%,Mh =  and for well-aligned
planets on circular orbits is 65% 30%.Ch =  These occur-
rence rates are consistent with one another and suggest that
there is no obvious preference for misaligned hot Jupiter
systems to have stellar companions drawn from the AO sample.
6.2. Are These Companions Drawn from the Population of
Intermediate Companions Detected in Field Star Surveys?
We next consider whether or not the candidate companions
detected in this survey might be a ﬁeld star population of
intermediate-period companions located too close in to be
detectable in AO images and too far out to be detected with
with radial velocity monitoring. We calculate the sensitivity of
our survey to this population by simulating 106 binary
companions with orbital elements and mass ratio distributions
drawn from Raghavan et al. (2010). We only consider systems
with periods less than 104 days (i.e., interior to our cutoff for
the AO survey) and those which do not create detectible RV
trends. In our formulation, a binary system has no detectable
RV trend if the following criterion is satisﬁed:
GM
a
sin
3 , 6i
sim
sim
2 i
˙ ( )˙
q g s< + g
where Msim and asim are the mass and semimajor axis of the
simulated binary companion and θ is the angle from face-on, as in
Equation (4). i˙g is the RV trend slope measured for system i in
Knutson et al. (2014) and
i˙sg is the error on that measurement.
For this population, we ﬁnd that our average survey
sensitivity is 49%, with a standard deviation of 14%. This
corresponds to a completeness-corrected companion fraction
34% 11%Th =  for the total sample, 29% 17%Mh =  for
the misaligned sample, and 38% 17%Ch =  for the control
sample. As before, we conclude that there is no detectable
correlation between the presence of a stellar companion and the
orbital properties of the transiting gas giant planet. We ﬁnd that
stellar companions that meet these two criterion typically have
semimajor axes between 0.4 and 12.1 AU. Of ﬁeld stars
surveyed by Raghavan et al. (2010), 17% 2% had
companions in this semimajor axis range. We therefore
conclude that, if these companions are drawn from a unique
imtermediate period sample, our upper limit on the companion
fraction for this population is consistent with the rates for ﬁeld
stars with comparable separations.
7. CONCLUSION
We perform a spectroscopic search of ﬁfty hot Jupiter host
stars in order to search for blended lines due to cool stellar
companions with projected separations of less than 0 4. We
detect eight candidate companions having effective tempera-
tures ranging from 3500–4000 K. This method is complemen-
tary to our previous AO imaging survey of these same systems,
which was sensitive to companions with projected separations
larger than 0 4–0 5. It also allows us to determine whether or
not any of the radial velocity trends in these systems might be
due to high inclination stellar binaries as opposed to planetary
or brown dwarf companions. Our detection sensitivity and
corrected companion fractions are consistent with a scenario in
which all of the observed companions are located at larger
orbital separations consistent with the population of compa-
nions detected in our previous AO survey. Our results are also
consistent with a scenario in which the observed companions
are located at intermediate separations (0.4–12 AU) with a
frequency comparable to that of ﬁeld stars.
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Regardless of the underlying population model, we ﬁnd no
evidence for a correlation between the presence of a spectro-
scopic stellar companions and the spin–orbit misalignment or
orbital eccentricity of the transiting gas giant planets in these
systems. Other surveys have suggested that misaligned hot
Jupiters preferentially orbit stars having Teff > 6200 K (Winn
et al. 2010). We note that hot stars also have higher intrinsic
binary fractions (e.g., Duchene & Kraus 2013), which might
lead to a spurious correlation between spin–orbit alignment and
stellar multiplicity if most of our misaligned planets are located
preferentially around hot stars. We selected our sample of well-
aligned planets on circular orbits to have approximately the
same distribution of stellar masses as our sample of misaligned
and/or eccentric planets (see Section 2.1 of Knutson et al.
2014) in order to ensure that this was not an issue. We also note
that this study identiﬁes only one system with Teff> 6200 K
containing a candidate companion, providing additional
conﬁrmation that our results are unaffected by this correlation.
Other studies have suggested that tides can remove non-zero
obliquities for planets orbiting stars cooler than 6200 K
(Spalding & Batygin 2015), although planets orbiting hotter
stars with less efﬁcient tides should still retain their primordial
spin–orbit alignments. In Ngo et al. (2015) we addressed this
issue by repeating our spin–orbit alignment correlation test for
the subset of stars hotter than 6200 K, and found no evidence
for a correlation between spin–orbit alignment and stellar
multiplicity. Although we could in theory repeat this analysis
with our new sample of candidate companions, in practice we
are limited in this case by the small number of companions
detected in this survey. If misaligned orbits are instead the
results of a primordial misalignment in the protoplanetary disk
(Spalding & Batygin 2014), the stellar companions responsible
for the misalignment might have been lost to dissolution or
exchange in the cluster, therefore weakening the observed
correlation between spin–orbit misalignment and the presence
of a stellar companion at the current epoch. Finally, there
would be no correlation between companion stars and
misaligned planets if misalignment were caused by magnetic
torque (Lai et al. 2011) or turbulent accretion (Bate et al. 2010;
Fielding et al. 2014), neither of which require the presence of a
stellar companion. Although our data appear to be consistent
with this hypothesis, these models are unable to reproduce the
observed obliquity distribution for short-period gas giant
planets (Spalding et al. 2014).
An independent conﬁrmation of these spectroscopic detec-
tions would allow us to reliably calculate the statistical
signiﬁcance of our spectroscopic detections and to combine
the results of this study with our previous RV and AO surveys
in order to provide an improved estimate of the stellar
multiplicity rate for these systems. As shown in Teske et al.
(2015), combined direct imaging and spectroscopic surveys
provide an unparalleled look at the properties of stellar
companions in these systems. In the future we plan to obtain
high-contrast imaging follow-up observations using angular
differential imaging on NIRC2 at Keck (Marois et al. 2006) and
the Differential Speckle Survey Instrument at Gemini Obser-
vatory (Horch et al. 2009), which will achieve better constrasts
at small separations than our previous K band AO images with
NIRC2. Because our candidate spectroscopic companions have
negligible radial velocity offsets from the primary and are not
typically detected by long-term radial velocity monitoring of
the host star, we conclude that they are unlikely to have very
small orbital separations and therefore should be resolvable
with improved high-contrast imaging. In systems where we are
able to directly resolve the candidate spectroscopic stellar
companions, we will be able to place improved constraints on
their masses and orbits.
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